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ABSTRACT 
'Nlis reuort covers Water Tunnel tests of a 2.36" r ock~o~L 
projectile with three types of shroud ring tail. Two of the 
tails are attached by channel section supporting fins to a 
stepped nozzle, the fins on one of them being stepped to fit 
the nozzle contour. The third tail has a streamlined nozzle 
with smooth supporting fins and shroud ring. The results are 
given of tests with different shroud lengths on the ring tails 
with the channel section supporting fins. 
CONCLUS I ONS 
The shroud ring tail with the streamlined nozzle and smooth 
suuporting fins showed the least drag, but also had less stabil-
ity than the others. 
The shroud ring tail, with straight channel section support-
ing fins and a shroud l ength of i-i/2", appears to give the best 
performance. Increasing the length gives only a slight advantage 
in stability, which does not appear to justify the additional 
material. Decreasing the l ength below i-i/2" is accompanied by 
marked decreases in stability. 
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i. SCOPE AND PURPOSE OF TESTS 
This reu ort covers tests on the M-6J 2 .36" diameter rocket 
with the conical uointed nose and t hree different types of ring 
tails. It covers the effect of varying the length of the shroud 
on one of t he ring tails and comuares the results of these tests 
with tests on a ring tailJ leaving a more completely streamlined 
nozzle and shroud. 
The purpose of the tests was to ascertain the hydrodynamic 
characteristics of the rocket with a stepped nozzle and shroud 
ring tail of the dimensions shown on Drawing ND-406-U appended 
to this report. The design of this tail was in accordance with 
information received by R. T. Knapp at the Aberdeen Proving 
Ground and transmitted by telephone to Pasadena on June 4J i943 . 
Preliminary test results were tele~honed to Dr. David Webster 
at Aberdeen on June 7th and iOthJ and confirmed in a letter of 
June i2th to Dr. Webster. As first madeJ with a shroud length 
of 2-3/8" ·J it was designated as Tail No. 3i. The tail consists 
of a thin circular brass shroud supported by three fins of 
channel sectionJ which are supported on the large diameter of 
the nozzle . A model was also constructed of a modified design 
in which the three supporting fins were stepped to fit the 
nozzle. This model was designated as Tail No. 36 and is shown 
on Drawing ND-4i9-U attached. 
Tests of both of the above models were made with the full 
length shrouds and followed by tests of shorter shrouds made 
by successively cutting off short lengths from the end of the 
shroud. A shroud length of i-i/2" ap~ears to show the best 
results for both models. Results are reported herein for all 
shroud lengths tested on the first mentioned model (Tails 3i-35 
incl.) and for only the i-i/2" shrcud length on the tail with 
the ste~ned supporting fins (Tail No. 38). 
2. DESCRIPTION OF PROJECTILES TESTED 
All tests were made on full scale models. 
Figure i shows the rocket with the Tails Nos. 3i to 35J 
showing the lengths cut off for successive tests. 
Figure 2 shows the i-i/2" tail (No. 33). This particular 
tail was made of lucit e in order that observation in the 
Polarized Light Flume could be made of t he flow potterns inside 
the shroud. 
Figu~es 4 and 5 show details of the tail with the straight 
fin supported onl y in the large diameter of the nozzle . 
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Fl GURE 1 
ROC KET WITH CONICAL POINTED NOSE 
AND SHROUD RING TAILS AT THE VARIOUS l~NGTHS TESTED 
NOSE No . a. RING TAILS Nos. 31- 35. 
FIGIJ..R E 2 
ROCKET WITH SHROUD RING TAIL No. 33 
TAIL MADE OF LUCITE. 
FIGURE 3 
ROCK ET MOUNTED IN WATER TUNNEL 
NO SE No. a. RING TAIL No . 35. 
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F I GUR E 4 FIGURE 5 
DETA I~S OF RI NG TA IL No , 35· 
FIGURE 6 FIGURE 7 
DE TAIL S OF RI NG TAIL NO. 38 · 
F I GURE 8 F I GURE 9 
DETAIL S OF RI NG TAIL NO. 21 . 
Figures 6 and 7 show the construction of the tail with 
the s u pp orting fin stenned t o fit the nozzle . 
:igures 8 and 9 show the c on struction o f the stream-
lined nozzle with s mooth shroud and fins. 
De tail d r awirgs of al l rnodels a re at tached to thi s ren o rt. 
3· FORCE MEASUREMENTS 
The f oll owi ng tabulation summarizes the p rinci pal charac-
teristics det e r mined by the tests. 
Note : All values calcu-
lated fr om averaged, Q) ): 
> 0 fai r ed da t a . Length >' (_I) 
t aken for >' as 2i-38" .... .... 0 Ill u ~ ..... ..... Q) 
all nroject iles Q) > 0 Q) Q) 0 0 
..... 0 .... ... ... .... tested . u ... 0> ., 
0> Q) Q) Q) Q) ..c:: ..c:: 
..... ~ Ill ... "0 Ill >' .... 0.. 
..... 3:: Q) 3:: ..... 0 ;::1 0 0> 0> 3:: 
~ Q) 0 ..... 0 0 ~ Ill "<t ~ ..... ~ {) ~ 0 Q) 0 >' u >' Ill > Q) Q) >' 
..... u ..... ... E Q) ..... E 0 ..... E ..... 
u Ill ..... Ill Q) 0 ... 0 0 ... 0 Ill 
..... 3:: Q) Q) ..... Q) .... ... p.. ... 0> 0 ... 0 Q) 
..... 0 u Q) Q) Q) ~ ..... ., ..... .... ..... Q) 
..... >' ... ... 0 ... Q) ..... ..c:: ..... ... Q) 0 0> u 0> u Q) 0 .... Q) 0 Q) Q) Q) 0> 
0 0 ..... Q) Q) u 0> u > u > Q) u ... "0 ..... "0 .... ~ ... ~ ~ ... . .... ~ ..... "0 
Q) Ill ~ ;::1 0 Q) Q) 0 Q) 0 ..... 
0> ... Ill "<t Ql "<t 0 ..... ..... .... 0 ..... 0 "<t 
0 0 ;::; .0 Ill ~ Ill ~ ..... Ill.-< 
... ..... ... 0 0 ..... Q) 0 ..... Q) Q) ..... Q) 
Run Q 0 u 0 ~ 0 Q u Q u ... Q ... 0 
No . Tail No . CD Cc eM x/L 
39 3i - 2-3/8" shroud 0 . 37 0. 20 -0 . 029 0. 55 0 . 44 +o . H 
46 32 i-i5/i6" 0 . 36 0.20 ·-0 . 03i o. 56 0 . 43 +o .i3 
47 33 i --i/2" 0 36 0 /.0 -0.030 0. 56 0.43 +o . i 3 
48 34 i -9/32"· 0. 35 O . i 8 -0.028 0. 55 0.43 + o . i 2 
49 35 i -i /i 6" 0 . 35 0. i 7 -O.Oi 5 0 . 50 0.42 +o.08 
75 38 i-i/2" 0 37 0 . 20 -0. 02 2 o . 53 0.43 +o . io 
82 2i - 2-3/8" O . i 7 O . i9 -0 . 0!3 0 . 5i 0-45* +0.06 
* No te: In calculating the center of gravity of the rocket with Tai 1 
No. 2i, the shroud was assumed to be 0 02-5" thick and the 
SUP?OTting ribs i/32" thick, instead o f the actual dimen-
sion s of the model ta i 1, whic h is unnecessaril y heavy. 
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From the above tests the following comparisons are to be 
noted: 
i. The drag for all of the tails with steuued nozzle 
and channel section shroud supoo r ts is not markedly 
d ifferent and is ab out twice as great as the drag 
with t h e streamlined ring tail. 
2 . The stabilityJ as indicat e d by the moment coefficient 
and the location of the center of uressureJ is con-
side rabl y greater for the tails Mith stebped n ozzle 
and channel section shroud supports t han for the 
streaml ined ri ng tail. 
3 . As the shroud length is shortenedJ on t he ring tail 
with ·t he straight channel section supuorts (Ta ils 3i 
to 35) the drag and moment coefficient va ry only 
about 6% and iO% respec t ively for l engths of 2-3 /8 " J 
i - i5/i6"J and i - i/2 " . Fo r lengths shorter than 
i-i/2"J the stability decr eases very r auid ly . Th e 
same variatiori was evident f o r varyin g sh r oud lengths 
with the steuped shroud supports . HoweverJ at the 
optimum shroud l e ngth for t he t ail with stepped shroud 
supportsJ the d r ag is s li ght l y greater and the stability 
les s than for the optimum shroud length of the tail 
with the straight shroud supPor t s . 
Figu r e iO shows diagrammatic sk e tches of the models testedJ 
with the loca t ions of c e nter of pressure and center of gravi ty, 
and the l engths of shroud on the rin g tail s . 
Figure ii shows th e variation of drag and moment for the 
various l engths of shroud tested on the ring t ail with the 
straight channel section shroud supports. 
Figure i2 is a p l ot of the coefficients as calculated 
d irectly from the for c e measurements. It illus trates the 
consis t ency o f the t e st observations and shows the difference 
in char act e ristics betwe en the streamlined ring tail (Tail No. 
2i) and the tail with t he straight channe l section shroud sup~ 
ports and optimum shroud length (Tail No . 33) . 
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DISTANCE- NOSE TO 
RUN TA-IL SHROUD SHROUD CENTER-OF CENTER-OF 
NO. NO. LENGTH LENGTH GRAVITY PRESSURE 
\" % \ e.G . o4_ L C.P. %L 
31 31 2 3/e 100 .44 . $$ 
48 32 117fe 81 . :5 .43 . 56 
47 33 1}'2 t5 3 . 0 .43 .ss 
48 34 1 %2 53 . 9 .43 .55 
49 35 I Y16 4 4 . 6 .42 .50 
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2.36" ROCKET PROJECTILES 
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FIG. 12 
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FIGURE 1 3 
FLOW PATTERN AT ZERO YAW 
NOSE No. s . Rl NG TA I L No. 33 
11 71· • 
DRAWl NG BASED ON OBSERVATIONS OF ACTUAL FLOW . 
F I GURE l4 
FLOW PATTERN AT ABOUT lO DEGREES YAW 
NOSE NO.8. RIN G TAIL No . 33 
1172 -B 
DRAWING BAS ED ON OBSERVATION S OF ACT UAL FLOW. 
- -lO-
Fl GURE 15 
FL 0 W P AT TERN PAST R I N G T A I L 
N 0 . 33 AT Z E RO YAW 
FIGURE 17 
FLOW PATT~RN PAST RING TAIL 
No. 21 AT ZERO YAW 
NOTE: 
FIGURES 15 TO 19 
ARE BASED ON OBSER-
VAT IONS OF ACTUAL 
FL 0 W P A S T R I N G T A I L 
ASSEMBLIES MADE OF 
LUCITE 
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FIGURE 16 
FLOW PATTERN PA$T Rl NG TAIL 
No. 33 AT ABOUT 10 DEGREES YAW 
--=---~---
FIGURE 18 
FLO\'/ PATTERN PAST Rl NG TAIL 
NO. 21 AT ABOUT 10 DEGREES YAW 
FIGURE 19 
FLOW PATTERN PAST RING TAIL 
No . 38 AT ABOUT 19 DEGREES YAW 
IHI fl 
= 
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4. STUDIES I N POLARI ZED LIGHT FLUME 
Figures i3 to i9 inclusive are drawings of flow Patterns 
made from observations of the fluid mo tion about the projectiles 
in the Polarized Light Flume . The fluid in the flu me has asym-
metrical Physical and optica l Properties which permit observations 
of th e fl ~w lines when viewed through Polarizing Plates. The 
Pictures a re for flow velocities below t he range of the water 
Tunnel exoeriments and the patterns can be considered only ~uali­
tative. 
For the flume observations> the ring tail assemblies of 
nozzle> . shroud suP~orts> and shroud> were made of lucite in order 
to render visible the flow patterns inside the shroud. 
Figures i3 and i4 show at zero yaw and about ten degrees 
yaw the flow patterns around the complete rocket with Ring Tail 
No. 33. 
Figures iS to i9 show the flow patterns through the various 
tails at zero yaw and about ten degrees yaw . 
The difference in the size of the wake created by the stepPed 
nozz le and t he streamlined nozzle is very noticeable and serves to 
explain the lower drag observed in Ring Tai l No. 2i. 
Comparison of Figu r es i6 and i8 brings out some differences 
worth noting. Inside the shroud on the windward side in Figure i6 
(Tail No. 33) there is a marked eddy which does not appear. in 
Figure i8 (Tail No. 2i). With Tail No. 33 the disturbance near 
the center and aft of the shroud is heavier than with Tail No. 2i 
and is more abruptly displaced from the continuation of the pro-
jectile center line> although the displacement of the streamlines 
near and outside the periphery of the shroud appears greater for 
Tail No. 2i than for Tail No. 33 . Figure i9 shows the flow 
Pattern through the stepped fin tail (Tail No . 38) for the same 
velocity and yaw as Figures i6 and i8. The eddy inside the shroud 
does not appear> although the drag was slightly higher with this 
taiL than wit h the others . 
5· TUNNEL INSTALLATION AND DESCRIPT I ON OF FORCES MEASURED 
The tests were conducted in the i4" · diameter working section 
of the High Speed Water Tunnel at the California Institute of 
Technology . (i) Figure 3 s~ows a Projecti le: installed in the 
tunnel. In order to reduce the drag tare to a minimum> the rigid 
suoporting SPindle is orotected from the flow by the streQmline 
shielding shown in the figure. This shielding> which projects to 
within a few thousandths of an inch of the projectile> is held to 
a small size in order to reduce interference effects . 
(~) Figures refer to references listed at th e end of this report . 
-i2-
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The forces exerted by the flow on the model can be resolved) 
in general) into a drag force Parallel to the flowJ a crosswind 
force nor mal to the flow and a moment or tor~ue acting about the 
Point of supuort. These are the forces measured du ring the tests. 
The moment exists only if the model is not supported at the point 
of auulication of the result~nt of all the hydrodynamic forces. 
it is clear that the magnitude and sense of the measured moment 
will change if the Point of suuport is shifted along the body. 
T h e data oresented in this report have not been corrected 
for scale effect) tareJ or interference of the model support. 
However) the results are believed to be close to the correct 
values. Similar tunnel tests of streamlined projectiles have 
given data that agree closely with those obtained from fu~l scale 
field tests. The Water Tunnel test results are applicable in air 
as well as in water for velocities below that of sound . For air 
velocities in the neighborhood or above that of sound, the results 
will not a1Jply . 
6. REPRESENTATION OF TEST DATA 
The hydrodynamic characteristics are presented in the form 
of curves of force coefficients as functions of the angle of yaw . 
In addition) the distance of the center of pressure from the nose 
of th~ projectile expressed as a fraction of the length of the 
projectile is plotted against yaw angle The center of pressure 
is defined as the point at which the resultant hydrodynamic force 
vector intersects the axis of symmetry of the model. 
The force coefficients) c 0 J for drag andJ CcJ for cross wind 
force are exuressed as: 
and 
where 
D measured drag force in lb s 
D 
2 
p v 
2 
c 
2 
p v Ao 
2 
C measured cross wind force in lbs 
p density of water in slugs per cu ft 
Ao= area in s~ ft of a cross section at the cylindrical P ortion 
of the projectile taken normal to the geometric axis of the 
projectile(= 2 . 98 s~ inJ i . e . J dia = 2 . 25" for this pro-
jecti le) 
V =mean relative velocity be tween the water and the Projectile 
in ft per sec 
- i 3--
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The moment coefficient is expressed as: 
!1 
eM 
2 
p v 1\o L 
2 
where 
.1 moment in i n-lbs measured about any uarticular uoint 
on the geometric axis of the orojectile 
L overall length of the urojectile in in. (For all 
combinations of the model projectile discussed in 
this report Lis taken as 2i . 38") 
The distance from the nose of the center of pressure 
(center-of-pressure dis tance) as a fraction of the overall 
projecti l e length is expressed as : 
~ 
L 
where 
L' + 
L 
.1 ' + 
L 
M 
L( C cos~+ D sin~ ) 
L' distance in in from the projectile nose to the 
center of moments 
L" distance in in from the center of pressure to the 
center of moments 
~ yaw angle in degrees 
When M is the measured moment the center of moments is at 
the support point of the model and L" · then is the distance from 
the supper t point to the center of pressure . The signs of the 
moment, M, the cross wind force, C, and the yaw angle,~' are 
such that a positive or clockwise moment wi ll tend to increase 
a positive or c l ockwise yaw angle, while the corresoonding posi-
tive cross wind force will act in the same direction as the 
d isplacement of the projectile nose for a positive yaw. 
The curves of force and moment coefficients and of center-
of-oressure distance plotted as functions of the yaw angle are 
useful for a duscussion of the stability of projectiles . Since 
these tunnel tests are made under steady flow conditions, the 
results will only indicate the t endency of the projectile to 
return to or move away from the e~uilibrium oosition after a 
d isturbance. Adopting aerodynamic usage, a projectile is said to 
b e "staticall y"• stable if it tends to return to e~uilibrium when 
disturbed . In this discussion of static stability, the actual 
-i 4 -· 
' -
'\. 
.I 
., 
motion following the perturbation is not considered at all. 
In fact~ a projectile may oscillate about the e-Juilibrium 
oosition witho u t ever remaining in it. In this case the pro-
jectile would be statically stable even though "dynamically" 
unstable. For a comolete discussion of the mode of motion to 
be exoected following a oerturbation~ i.e. the "dynamic" 
stability~ additional information is necessary. 
The condition for e-Juilibrium is satisfied if CM calcu-
lated about the G .G . is e~ual to zero. In general~ for pro-· 
jectiles with axial symmetry~ the moment is zero at ~ = 0° so 
that for e-Iuilibrium the projectile is oriented with its axis 
parallel to the direction of mo tion. If the projectile is 
rotated from the e.:plilibrium position so as to give it a positive 
yaw angle~ it is necessary that it have a negative moment coef-
ficient) according to the sign convention adopted) in order that 
it be statically stable. Thus a negative slope of the curve 
CM vs. ~corresponds to S:t:atic stability) and a positive slope 
corresponds ·to instability. The degree of stability or instability 
is measured by the magnitude of the slope. The same con~lusions 
are obtained by interpreting the center-of-pressure curves . For 
symmetrical projectiles) if the center of pressure falls behind 
the center of gravity) a negative or restoring moment exists and 
the projectile is statically stable. If the C . P. . lies ahead of 
the C.G . J the moment is non-restoring and the projectile is 
statically unstable . The degree of stability or inst abi lity is 
measured by the distance between the center of gravity and cent e r 
of pressure. 
References: 
(i ) For complete description see the following report 
on file in the office of Section 6 . iJ NDRC, "The 
High Speed Water Tunnel at the California Institute 
o f Technology"·) by R T . Knapp ) V A VanoniJ and 
J. W. Daily) June 29J i 942. 
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